Absence of stearoyl-CoA desaturase-1 (SCD1) in mice leads to chronic inflammation of the skin and increased susceptibility to atherosclerosis, while also increasing plasma inflammatory markers. A recent report suggested that SCD1 deficiency also increases disease severity in a mouse model of inflammatory bowel disease, induced by dextran sulfate sodium (DSS). However, SCD1-deficient mice are known to consume increased amounts of water, which would also be expected to increase the intake of DSS-treated water.
The aim of this study was to determine the effect of SCD1 deficiency on DSS-induced acute colitis with DSS dosing adjusted to account for genotype differences in fluid consumption.
Wild-type controls were treated with 3.5% DSS for 5 days to induce moderately severe colitis, while the concentration of DSS given to SCD1-deficient mice was lowered to 2.5% to control for increased fluid consumption. Colonic inflammation was assessed by clinical and histological scoring. Although SCD1-deficient mice consumed a total intake of DSS that was greater than that of wild-type controls, colonic inflammation, colon length and fecal blood were not altered by SCD1-deficiency in DSS-induced colitis, while diarrhea and total weight loss were modestly improved. Despite SCD1 deficiency leading to chronic inflammation of the skin and increased susceptibility to atherosclerosis, it does not accelerate inflammation in the DSS-induced model of acute colitis when DSS intake is controlled. These observations suggest that SCD1 deficiency does not play a significant role in colonic inflammation in this model.
Abbreviations: SCD, stearoyl-CoA desaturase; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; IBD, inflammatory bowel disease; LPC, lysophosphatidylcholine In chronic inflammatory diseases, including atherosclerosis, inflammatory skin disorders (psoriasis and eczema) and inflammatory bowel disease (Crohn disease and ulcerative colitis), cytokines recruit leukocytes to the site of the lesions, thereby amplifying the inflammatory state and perpetuating the tissue damage. Genetic and environmental factors, specific cytokine involvement, and inflammatory cell infiltrate differ with the tissue involved, but the inflammatory processes are common to all chronic inflammatory diseases [1] .
Stearoyl-CoA desaturase (SCD) is a lipogenic enzyme that has been recently implicated in inflammatory disease. SCD activity creates a cis-double bond in the ∆-9 position of palmitic (16:0) and stearic acid (18:0), converting them to palmitoleic (16:1n7) and oleic acid (18:1n9), respectively [2] . However, the mechanism whereby the specific lipids altered by SCD activity contribute to inflammatory processes in vivo remains unknown.
Similar to other lipogenic genes, the expression of mammalian SCD genes is highly regulated [3;4] . Human SCD is expressed most abundantly in adipose tissue [5] , with lower expression in the liver and brain [6] . Of the SCD co-orthologs in mice, Scd1 is the most relevant murine ortholog for studying the metabolic and inflammatory functions of SCD activity in humans, due to its expression in adipose tissue and liver [7;8] .
SCD1-deficient mice exhibit extreme sebaceous gland hypoplasia, which leads to hair fiber perforation of the follicle base and a foreign body response to fragments of hair fiber in the dermis [9] . In addition to this chronic inflammation of the skin [10;11] , the absence of SCD1 increases markers of systemic inflammation and susceptibility to atherosclerosis [12] . The absence of SCD1 has also been reported to exacerbate acute colitis in mouse model for human inflammatory bowel disease (IBD), i.e. dextran sulfate sodium (DSS)-induced colitis [13] . These findings may have implications for the ongoing development of SCD inhibitors for treatment of the metabolic syndrome in humans, and invite further exploration of pro-inflammatory mechanisms in SCD1-deficient mice.
DSS is a sulfated heparin-like polysaccharide; depending on the time course of oral administration in drinking water, it can induce both acute and chronic colitis, inhibiting epithelial cell proliferation and promoting apoptosis, which leads to epithelial injury, crypt loss and extensive ulceration and inflammation, predominantly localized to the distal colon [14] [15] [16] [17] . The extent of colon damage increases with the amount of DSS administered [18;19] . SCD1-deficient mice with DBA/1LacJ and B6129S1F2 genetic backgrounds have been observed to consume increased amounts (~ 62% to 145%) of water, possibly due to increased trans-epidermal water loss [9;20] . This observation raised the question of whether the consequent increase in total DSS dose imbibed by the SCD1-deficient mice might be responsible for the accelerated colitis in these mice reported by Chen et al [13] . One group has concluded that minor variations in fluid consumption do not affect the severity of DSS-induced colitis, based on Pearson correlation analyses between clinical or histological results and total DSS intake [19] . However, a more recent study reported significant correlations between histology scores or neutrophil recruitment and total DSS intake, supporting a conclusion that severity of DSS-induced colitis is dependent on total DSS intake in mice [18] . Furthermore, these authors also found that a minimum DSS intake of 30mg/g body weight over seven days was required to reliably induce colitis in mice [18] .
In the only previous study of the effect of SCD1 deficiency on experimental colitis, Chen et al treated both SCD1-deficient mice and wild-type controls with 2% DSS for seven days [13] , a concentration that might be expected to deliver a total DSS intake of less than 30 mg/g to many of the mice in their study, particularly the wild-type controls that are expected to drink lower volumes of water [9;20] . Under these experimental conditions, Chen et al observed increased weight loss, shorter colon length, and more severe diarrhea and rectal bleeding with SCD1 deficiency [13] . In contrast, a our results reveal that SCD1 deficiency does not accelerate inflammation in the DSS-induced model of acute colitis when total DSS intake is increased and DSS dosing is adjusted to account for genotype differences in fluid consumption. Therefore, these findings suggest that clinical use of SCD inhibitors should not impact on susceptibility to bowel inflammation.
Materials and methods

Animals and diet. Mice carrying the Scd1 ab-2J
[9] null allele were back-crossed to C57BL/6 for 10 generations to produce congenic mice [21] . Animals were allowed free access to a standard laboratory rodent chow diet (Prolab Isopro RMH 3000, PMI Nutrition International, Richmond, IN) with a maximum of five mice per cage. Animals were maintained in a specific pathogen-free barrier facility that is free of common murine viruses and Mycoplasma pulmonis on serology testing, free of significant bacterial pathogens on culture of trachea or intestine, and free of ectoparasites and endoparasites. Sentinel mice were also confirmed by polymerase chain reaction amplification to be free of common Helicobacter species in fecal samples. All studies were approved by the University of British Columbia Animal Care Committee.
To determine the average rate of water consumption over 24 hours, a bottle was filled with water and the change in water weight was measured over several days. Mice were 20-22 weeks of age. Females were housed 1-3 to a cage (Scd1
, n = 5), and males were housed individually because siblings of the same genotype were not available (Scd1
Induction of colitis. Clinically healthy age-matched female mice were used for induction of experimental colitis. Experimental colitis was induced by giving sterile filtered DSS (mol wt 36,000-50,000; MP Biomedicals, Solon, OH) in drinking water for five days ad libitum.
Treatment with 3.5% (wt/vol) DSS for five days has been previously established to induce moderate to severe colitis while minimizing mortality [15] , and can be expected to exceed the minimum DSS intake of 30mg/g body weight required to reliably induce colitis in mice [18] . In the initial evaluation of colitis severity in C57Bl/6 mice, wild-type mice were treated with 3.5% DSS (n = 4) or water (n = 3) for five days. To control for genotype differences in fluid consumption [9;20] , mice were grouped by genotype (Scd1
, n = 7) and water consumption was monitored over three consecutive days immediately prior to the 5-day treatment period. The drug concentration was adjusted to obtain equivalent daily dosages in each genotype.
We employed DSS from the same lot (9135J) throughout this study. None of the mice in this study died before termination of the experiment after five days of DSS treatment.
General assessment of colitis. Animals were assessed daily and mean DSS/water consumption and body weights were recorded. Stool consistency was assessed daily using a 0 to 3 scale: 0 = normal well-formed fecal pellets, 1 = loosely shaped moist pellets that do not adhere to the anus, 2 = amorphous, moist, sticky pellets, 3 = liquid stool. The presence of blood in the stools was assessed by a guaiac paper test (ColoScreen Occult Blood Test, Helena Laboratories, Beaumont, TX) using a 0 to 4 scale: 0 = negative, 1 = faintly blue, 2 = moderately blue, 3 = dark blue, 4 = fecal blood visible to the eye. After 5 days of DSS treatment, the mice were anesthetized by intra-peritoneal injection of 250 mg/kg 2,2,2-tribromoethanol (Sigma-Aldrich, Oakville, ON, Canada) and euthanized by exsanguination via cardiac puncture and cervical dislocation.
Histological assessment of colitis. The entire colon was excised, extending from the ileocecal junction to the anus, and the length was recorded. Colons were subsequently opened longitudinally along the mesenteric border and fecal matter was removed. The colons were divided into three sections: distal, mid-colon, and proximal colon. The mid-colon section was rolled, formalin-fixed, embedded in paraffin, sectioned at 5 μm thickness, and stained with hematoxylin and eosin (H&E) in a standard manner.
Semi-quantitative assessment of colon damage was performed in a randomized and blinded fashion using a scoring system modified from Dieleman et al [22] , by estimating: 1) the severity of inflammation; 2) the extent of inflammation; and 3) the amount of crypt damage. For each of these features, the percentage of area involved by the disease process was scored on a 1 to 4 scale 
SCD1 deficiency does not accelerate DSS-induced acute colitis.
Wild-type mice (n = 4) were treated with 3.5% DSS for five days to confirm that this dose can reliably induce acute colitis in the C57BL/6 strain, which has previously been demonstrated to be relatively resistant to DSS-induced colitis [15] . Control wild-type mice (n = 3), receiving water only, did not exhibit any of the clinical signs associated with acute colitis (diarrhea, fecal occult blood, and weight loss). After a 5-day course of 3.5% DSS, wild-type mice lost 12.7% of their initial body weight, while wild-type mice receiving water only showed no significant change in body weight ( Figure   2a ). DSS-treated mice all developed diarrhea (Figure 2b ) and hemoccult-positive stools (Figure   2c ), which often were overtly bloody. Colon length was decreased by 21% in DSS-treated mice compared to controls (p = 0.0044; Figure 2d ). All animals survive until euthanized on day 5.
Histological analysis revealed a patchy pattern of inflammatory cell infiltration in the lamina propria and submucosa with affected areas showing mucosal damage that ranged from erosion of surface epithelium to total loss of crypts (Figure 3a versus Figure 3b ). 9-week-old female SCD1-deficient mice (n = 7) and wild-type control mice (n = 10) were treated with different DSS concentrations adjusted to control for total DSS intake. In the three days prior to treatment, SCD1-deficient mice consumed ~38% more water than control mice, so DSS concentration was accordingly decreased to 2.5% for SCD1-deficient mice. After 5 days of ad libitum exposure to DSS, all mice treated with DSS displayed clinical and macroscopic signs of acute colitis.
Prior to DSS consumption, SCD1-deficient mice tended to weigh more than wild-type controls (19.3±0.5 g vs. 18 .5±0.2 g; p = 0.075), but this difference was not significant. Over the course of DSS treatment, SCD1 deficient mice lost less weight than controls (p = 0.0079; Figure   4a ). After reaching a peak body weight at day 3 of treatment, weights of SCD1-deficient mice decreased by 9.0% (19.4±0.2 g, p < 0.0001; Figure 4a Semi-quantitative histological assessment of sections stained with H&E was used to assign histological colon damage scores on a 0 to 14+ scale based on the following parameters: the percentage of involved area, the amount of inflammatory infiltrate, the depth of inflammation, and the degree of crypt damage. When examined in a blinded fashion, there was no significant difference between the histological colon damage scores of SCD1-deficient mice and wild-type control mice (Figure 3d and Table 1 ).
Over the 5-day treatment period, the average volume of DSS-treated water consumed in two cages of SCD1-deficient mice was 32.3 mL/mouse, while the average volume consumed in the two cages of wild-type control mice was 17.7 mL/mouse. This resulted in a total intake 808 mg DSS (41.9 mg/g initial body weight) by SCD1-deficient mice, and 621 mg DSS (33.7 mg/g initial body weight) by wild-type controls. These observations demonstrate that the beneficial effect of SCD1-deficiency on DSS-induced weight loss and diarrhea cannot be explained on the basis of decreased intestinal exposure to DSS. Indeed, SCD1-deficient mice may even be somewhat protected from DSS-induced colitis.
Discussion
Despite causing chronic inflammation of the skin and increased susceptibility to atherosclerosis, SCD1 deficiency does not accelerate inflammation in the DSS-induced model of acute colitis. The total amount of DSS-supplemented water per gram body weight is known to affect the induction and severity of experimental colitis [18] . Therefore we used a total DSS intake greater than 30 mg/g body weight and adjusted dosing to account for increased fluid consumption in SCD1-deficient mice. In contrast to a prior report [13] , absence of SCD1 does not worsen fecal occult blood, colon shortening, or colonic damage, and in fact may ameliorate other colitis-induced sequelae, including weight loss and diarrhea.
We have recently shown that SCD1-deficient mice have chronic inflammation of the skin, and when exposed to a pro-inflammatory dietary stimulus these mice also demonstrate increased susceptibility to atherosclerosis and increased plasma markers of systemic inflammation [12] .
Several pro-inflammatory markers, including IL-6, IL-1β, IL-12p70, soluble intercellular adhesion molecule-1, and serum amyloid A are elevated in these mice [12] , and intriguingly, most are also upregulated in both human IBD [24;25] and the DSS model of colitis in mice [26] [27] [28] [29] .
Our previous observations [12] suggested that the systemic pro-inflammatory profile in SCD1-deficient mice might contribute to inflammation at other sites, including the gastrointestinal tract, and one recent study has reported that absence of SCD1 exacerbates DSSinduced colitis [13] , an observation attributed to reduced SCD1-mediated hepatic oleic acid biogenesis and subsequent reduction in oleoyl-lysophosphatidylcholine (LPC) [13] . Chen et al.
[13] used a low dose of DSS that may not reliably induce colitis [18] and did not control for the increased fluid consumption associated with SCD1-deficiency [9;20] . This study raised the question of whether colonic inflammation is also exacerbated in SCD1-deficient mice when total DSS intake is controlled.
Our results show that absence of SCD1 does not exacerbate DSS-induced colitis when total DSS intake is increased and DSS dosing is adjusted to account for genotype differences in normalized to fluid consumption. Colonic inflammation, colon length and fecal blood are not altered by SCD1-deficiency in DSS-induced colitis, while diarrhea and total weight loss are ameliorated by SCD1 deficiency. Therefore, although SCD activity and oleoyl-LPC levels are decreased by DSS treatment [13] , reduced SCD activity does not play a significant causal role in DSS-induced colonic inflammation.
In addition to the differences in DSS dosing between this study and that reported by Chen et al [13] , it should be noted that there were also differences in age, sex, diet, and genetic background between mouse cohorts used in the two studies, which could have effects on colonic inflammation or the immune response. Both studies used inbred C57BL/6 mice carrying Scd1 null alleles, but the DSS-treated mice used in this study were 9-week old females carrying the
Scd1 ab-2J
allele [9] , while Chen et al [13] used 5-to 8-week old males carrying the Scd1 tm1Ntam allele [30] . No comparisons of these two alleles on the C57BL/6 genetic background have been reported, however, a male bias for severity of DSS-induced colitis has been previously described [15;31] and might have played a role in exacerbating the accelerated colitis in SCD1-deficient mice reported previously [13] .
While SCD1-deficient mice are protected from weight gain in studies of high-fat feeding or genetic models of obesity [32;33] , studies of chow-fed lean female but not male mice have demonstrated increased body weight with SCD1 deficiency [33;34] . In this study, female SCD1-deficient mice tended to weigh more than wild-type controls at the start of DSS treatment, suggesting that differences in body weight may be influenced by phenotypic effects of SCD1 deficiency other than susceptibility to DSS-induced colitis. The modest beneficial effect of SCD1-deficiency is not due to the lower percentage of DSS in their water, since SCD1-deficient mice consumed a total intake of DSS that was actually greater than that of wild-type controls.
These observations suggest that chronic inflammation of the skin and a modest systemic proinflammatory profile do not play a significant role in colonic inflammation in this model. The SCD1-deficient mouse continues to provide a useful model in which to explore inflammatory pathways as they relate to lipid synthesis and metabolic characteristics. However, the specific characteristics of each disease model must be taken into consideration when drawing extensions to human pathology. While this manuscript was in preparation, two different studies reported on the relationship between SCD1 deficiency and inflammatory liver disease [35;36] . SCD1 deficiency provided protection from concanavalin-A-induced nonalcoholic steatohepatitis [35] , but SCD1 deficiency increased liver damage in a methionine-choline-deficient dietary model of nonalcoholic steatohepatitis [36] . In the former model, steatohepatitis is induced by a T lymphocyte mitogen, while phosphatidylcholine synthesis and VLDL secretion are blocked in the latter model [37] . Additional experiments are needed to test the effect of SCD1 overexpression and inhibition on inflammation in various cell types, but these conflicting results and the different mechanisms of liver damage in these two models suggest that SCD1 deficiency may protect against fatty liver and liver inflammation under normal or high-fat dietary conditions, and that SCD1 activity plays an important role in preventing lipotoxicity in the context of hepatic accumulation of free fatty acids.
Various mechanisms have been suggested to explain a pro-inflammatory response in cells and tissues exposed to increased saturated fatty acids and/or reduced unsaturated fatty acids, the conditions induced by endogenous SCD activity [38;39] . These proposed mechanisms include altered toll-like receptor signalling [40;41] , activation of nuclear factor-κB [42] [43] [44] , and altered production and fatty acid saturation of LPC [13;45;46] . SCD1-deficient mice have also been demonstrated to have increased tissue levels of arachidonic acid [38;43;47;48] , a key intermediate in the production of pro-inflammatory eicosanoids [49] . Further studies are needed to fully explore the role of SCD activity in inflammation and the in vivo contribution of these mechanisms to the chronic inflammation observed in SCD1 deficient mice.
This study indicates that despite chronic inflammation of the skin [10] [11] [12] , SCD1 deficiency does not accelerate inflammation in the DSS-induced model of acute colitis when total DSS intake is increased and DSS dosing is adjusted to account for genotype differences in fluid consumption. A previous report of accelerated DSS-induced colitis with SCD1-deficiency [13] may now be attributed to a genotype-related increase in the intake and delivery of DSS to the gut, rather than to a role for SCD1 in intestinal inflammation. 
